Abstract Compression and/or contusion of a peripheral nerve trunk can result in painful sensations. It is possible that release of ATP into the extracellular space may contribute to this symptom. In the present study, we used real-time measurements of ATP-induced bioluminescence together with electrophysiological recordings of compound action potentials to follow changes in the extracellular ATP concentration of isolated rat spinal roots exposed to mechanical stimuli. Nerve compression for about 8 s resulted in an immediate release of ATP into the extracellular space and in a decrease in the amplitude of compound action potentials. On average, a rise in ATP to 60 nM was observed when nerve compression blocked 50% of the myelinated axons. After the compression, the extracellular concentration of ATP returned to the resting level within a few minutes. The importance of ecto-nucleotidases for the recovery period was determined by exposure of isolated spinal roots to high concentrations of ATP and by use of inhibitors of ecto-nucleotidases. It was observed that spinal roots have a high capacity for ATP hydrolysis which is only partially blocked by βγ-methylene ATP and ARL 67156. In conclusion, acute nerve compression produces an increase in the extracellular concentration of ATP and of its metabolites which may be sufficient for activation of purinergic P2 and/or P1 receptors on axons of nociceptive afferent neurons.
Introduction
Mechanical stimuli such as acute contusion or compression of a peripheral nerve trunk are often accompanied by painful sensations [1] . The effects of compression injury on action potential conduction and morphological aspects of axons in bundles of nerve fibers have been studied in detail [2, 3] and provide the basis for an explanation of the loss of axonal functions. However, the development of painful sensations, i.e., an abnormal increase in axonal excitability, is much less understood. A factor possibly involved in the transduction of mechanical stimuli into enhanced excitability of nociceptive nerve fibers in the trunk of a peripheral nerve is extracellular ATP and/or its metabolites. It is well documented that ATP is released by different types of mechanical stimuli [4] . Receptors for ATP on nociceptive neurons have also been described [5, 6] . In addition, there is increasing evidence for the presence of ionotropic (P2X) and metabotropic (P2Y) purinergic receptors in the axonal membrane of sensory nerve fibers including slow conduct-ing axons in dorsal spinal roots [7, 8] and in the membrane of surrounding nonmyelinating Schwann cells, respectively [9] [10] [11] [12] . However, there is little quantitative knowledge about the release of ATP in the trunk of a peripheral nerve in response to mechanical stimuli.
After release into the extracellular space, ATP is rapidly hydrolyzed by ecto-nucleotidases. The currently known ecto-nucleotidases include members of the eNTPDase family, eNPP family, alkaline phosphatases, and ecto-5 0 -nucleotidase [13, 14] . Degradation of ATP in the trunk of peripheral (vagus) nerve has been studied by use of radio active [ 3 H]ATP and rapid hydrolysis to ADP, AMP, adenosine, and inosine was found [15] . Recently, by means of enzyme histochemistry and immunostaining, an association of eNTPDase2 with nonmyelinating Schwann cells of the rat sciatic nerve has been described [16] . It is likely, therefore, that compression of a peripheral nerve trunk will also result in extracellular accumulation of adenosine. A subtype of adenosine receptor (A2) on peripheral terminals and axons of primary nociceptive afferents has been discussed as a possible mediator in the development of neuropathic pain [5, 17, 18] .
To our knowledge, the importance of ecto-nucleotidases for the kinetics of ATP release induced by nerve compression has not been studied before. Extracellular concentrations of ATP can be followed in real time using bioluminescence produced by the luciferin/luciferase reaction [19] [20] [21] . In the present study, we used this method for the determination of changes in the extracellular concentration of ATP during and after compression of isolated rat spinal roots. The data demonstrate that nerve compression produces release of ATP with an initial transient peak and a longer lasting recovery period. Activity of ecto-nucleotidases limits the extracellular accumulation of ATP during the compression period and contributes to the kinetics of the following decline in the concentration of ATP. Our data also indicate that receptors for ATP and its metabolites on sensory axons may contribute to the development of painful sensations which accompany compression of peripheral nerve trunks.
Materials and methods

Animals and preparation
Adult Wistar rats, weighing 250-350 g, were killed by asphyxiation in a chamber filled with carbon dioxide gas. A laminectomy was performed to expose the cauda equina and the spinal ganglia. Spinal roots were removed in their entire length (from the spinal cord to the spinal nerve) for in vitro studies. Spinal roots were separated from the spinal ganglia and stored for up to 48 h in a HEPES-buffered solution at 4-7°C.
Recording chambers
Two different types of recording chamber were used for the determination of extracellular ATP concentrations. ATP release by mechanical stimulation was tested in a perspex organ bath in which a single spinal root was held at each end by suction electrodes (distance approximately 3 mm). These suction electrodes were used for electrophysiological measurements. Kinetics of ATP hydrolysis were observed by placing four spinal roots in each well of a four-well culture dish (Nunc, Wiesbaden, Germany). The bathing solution in both types of recording chamber consisted of 400 μl of a HEPESbuffered saline and 50 μl of an ATP assay mix.
Bioluminescence setup
Experiments were performed using a Zeiss Axiovert 200 microscope in combination with a photon counting unit (Hamamatsu H7421 head and C8855 counting unit). Bioluminescence was recorded in the organ baths placed on the stage of the microscope (×10 objective; field of view: 2 mm). The organ baths used were either equipped with suction electrodes for additional electrophysiological recordings (fixed position for mechanical stimuli, see Figure 2 ) or connected to a shaker (Variomag teleshake) for continuous recordings of bioluminescence when ATP or other compounds were added to the bathing solution. The bioluminescence setup was placed in a dark room; remote control of the micromanipulator and data acquisition were carried out in the neighboring room using Labview software provided by Hamamatsu. Photon counting was performed with a time resolution of 1 s.
Electrophysiology
The isolated nerve preparations were held at each end by suction electrodes in an organ bath. One suction electrode was used to elicit action potentials, while the other was used as a recording electrode. The spinal roots were stimulated with a linear stimulus isolator (A395, WPI, Sarasota, FL, USA) with a maximal output of 500 μA. The stimulator was controlled by a computer via a data acquisition board (Data Translation DT2812, Marlboro, MA, USA) and the software QTRAC (Prof. H. Bostock, Institute of Neurology, London). Maximal compound action potentials of A fibers were tested with 0.1 ms current pulses at a constant frequency of 1 Hz.
Mechanical stimulation
The method used for compression of isolated spinal roots is similar to a setup described by Shi and Blight [2] . In the present study, a rod was attached to a motorized micromanipulator (LN-Mini 25, Luigs & Neumann, Ratingen, Germany). This compression rod was positioned perpendicular to the tissue and was brought to a point of contact with the surface of an isolated spinal root (Figure 2 ). The rod consisted of two parts, the lower part was free to move against the upper part. The end of the rod had a diameter of 1 mm; the width of a thick dorsal spinal root is about 0.8 mm. The pressure was adjusted by the weight of the movable part (66 mN); the depth of nerve compression was attuned to 0.1-1 mm by the micromanipulator. The rod was advanced slowly by means of the manipulator motor (about 5 s), halted at its lowest position for 3 s, and moved upward afterwards to the home position.
Solutions
Experiments were performed at room temperature. The organ baths were filled with 400 μl of a HEPES-buffered saline and 50 μl of a diluted ATP assay mix. The HEPESbuffered solution contained (in mM): NaCl 118, Nagluconate 20, KCl 3.0, CaCl 2 1.5, MgCl 2 1.0, D-glucose 5.0, HEPES 6, and pH was adjusted to 7.4. For the determination of ATP-induced bioluminescence, one vial of ATP assay mix (FL-AAM, Sigma, Deisenhofen, Germany) was dissolved in 5 ml of sterile water. Aliquots with 100 μl were prepared and stored at -20°C; 50 μl of these aliquots were mixed with 400 μl of the HEPES-buffered saline. ARL 67156 and βγ-meATP were purchased from Sigma (Deisenhofen, Germany). A small increase in luminescence was seen when ARL 67156 and βγ-meATP were added to the bathing medium (saline and ATP assay mix). However, this increase in luminescence recovered to the resting level within a few minutes (Figure 1c and 1d) . The most likely interpretation is that the spinal roots degrade contaminating ATP. Therefore, ARL 67156 and βγ-meATP were added to the bathing medium at least 15 min before the experimental test (addition of ATP or nerve compression).
Calibration curves for ATP-induced bioluminescence were determined by addition of ATP (15 and 150 nM) into the bathing solution at the end of the experiments (see Figure 7) . A two-point calibration is sufficient because there is a linear relationship between ATP concentrations and the light intensity (measured as photon counts/s) produced by the assay mix in this concentration range of ATP (e.g., [22] ). Higher concentrations of ATP were not tested, Figure 1 Baseline level of ATP in the recording chamber. a, b Four isolated rat spinal roots were added to the recording chamber filled with 400 μl of a HEPES-buffered saline and 50 μl of the ATP assay mix (arrow). The spinal roots that were recorded in (a) were squeezed at their endings with tweezers; spinal roots in (b) were transported to the organ bath by means of curved tipped forceps. Note that less mechanical stress induces less luminescence (lower concentration of ATP) in the bathing medium. In either condition, luminescence returns to the baseline level within 10-20 min. Addition of apyrase (50 μg/ml) at the end of the recording did not lower the number of photon counts/s. This indicates that the baseline level of ATP at this time is at or below the detection limit for ATP.(c, d) Possible contamination of βγ-meATP and ARL 67156 with ATP was tested in bathing media containing spinal roots. Both compounds produced only a small increase in the baseline luminescence which returned to the resting level within a few minutes (for discussion see text). The recording of luminescence in all experiments was temporarily halted when spinal roots or chemicals were added to the recording chamber because light emission with flash kinetics is produced by firefly luciferase and ATP concentrations >1 μM [23] .
Statistics
Data are expressed as mean T SEM. Statistical analysis was performed by an unpaired two-tailed t-test to assess significance of differences.
Results
Baseline level of ATP
In initial experiments, the contribution of ATP to the background light level obtained in the bathing solution with added spinal roots was determined. An apparent light intensity of 140-180 photon counts/s was measured by the photomultiplier with a shut optical pathway (dark current). The number of photon counts/s increased up to 500 when the photomultiplier was in contact with the organ bath containing saline and the ATP assay mix. The most important component in this background light level is the residual light emission in the darkened laboratory room. Addition of spinal roots to the organ bath produced additional luminescence which differed quantitatively depending on the mechanical stress during the preparation period. Two typical examples are illustrated in Figure 1 . Spinal roots with squeezed endings (tweezers) increased the luminescence to several thousand photon counts/s (Figure 1a ). In contrast, the luminescence changed only slightly when the spinal roots were transported and added to the organ bath by means of curved tipped forceps (Figure 1b) . However, in either situation, luminescence returned to the baseline level with about 10-20 min. Furthermore, no further decrease in the number of photon counts was observed after addition of apyrase, an enzyme that catalyzes the hydrolysis of ATP. This indicates that at this point in time the baseline level of ATP was at or below Figure 2 Schematic drawing of the method applied for detection of ATP release during compression of isolated spinal roots. (a) A compression rod attached to a motorized micromanipulator was positioned perpendicular to the tissue and was brought to a point above the surface of an isolated spinal root. The rod consisted of two parts, the lower part was free to move against the upper part. The end of the rod had a diameter of 1 mm; the width of a thick dorsal spinal root is about 0.8 mm. The rod was advanced slowly by means of the manipulator motor. The bath solution contained an ATP assay mix; bioluminescence was detected by the photon counting unit (PCU). In addition, suction electrodes at both ends of the isolated spinal roots were used for stimulation and recording of compound action potentials. (b) Illustration of the cycle of nerve compression: the rod moved from the home position above the spinal root to the tissue surface, reached its lowest position within 5 s, halted at this position for 3 s, and moved upward afterwards to the home position. The total time of the compression period was about 8 s the detection limit of the ATP assay mix (around 1 nmol/l). Based on this observation, we waited in all experiments for at least 20 min before a test (nerve compression or addition of ATP) was performed.
Transient nerve compression releases ATP
The combination of continuous photon counting, electrophysiological recording of compound action potentials, and remote control of a micromanipulator was used to study the effects of mechanical stimuli on extracellular ATP concentration and conduction of action potentials in myelinated axons of isolated spinal roots with high time resolution. A typical example of such experiments is illustrated in Figure 3 . A rod with a tip diameter of 1 mm was placed on the surface of an isolated rat dorsal spinal root and was used for transient compression of the nerve trunk with various compression depths. The periods of compression produced transient elevations in the extracelluar concentration of ATP (measured as an increase in photon counts/s) and changes in the compound action potential (CAP) of myelinated A fibers. There was an immediate transient decrease in the peak of the CAP followed by a long lasting partial loss of conducting A fibers.
For the quantitative analysis, release of ATP and the concomitant changes in electrophysiological parameters were studied in 18 spinal roots (Figure 4 ). There was a clear correlation between the percentage of decrease in the peak height of the CAP and the rise in extracellular ATP. On average, nerve compression sufficient to block conduction in 50% of the myelinated A fibers resulted in an increase of the ATP concentration in the organ bath surrounding the spinal root by about 60 nM. Figure 4 Relationship between release of ATP and electrophysiological changes produced by compression of isolated spinal roots. Summary of data obtained from experiments on 18 spinal roots exposed to nerve compression similar to the experimental protocol illustrated in Figure 3 . The decrease in the amplitude of the A fiber compound action potential (CAP) measured 1 min after nerve compression is plotted against the rise in the extracellular concentration of ATP (measured in the solution surrounding the isolated spinal root at about 15 s after nerve compression). The regression line indicates a correlation between the release of ATP and the extent of decrease in axonal excitability decline: (1) diffusion of ATP from the surface of the isolated spinal roots into the organ bath, (2) consumption of ATP by the light-producing enzymatic reaction, and (3) degradation of ATP by ecto-nucleotidases within the nerve trunk [19] . Several experiments were performed with the aim of separating these possible factors. First, the ability of isolated spinal roots to hydrolyze extracellular ATP was tested in culture dishes mounted in connection with a shaker on the stage of the microscope. A typical experiment which demonstrates fast degradation of ATP by spinal roots is illustrated in Figure 5 . At the beginning of the experiment, different concentrations of ATP were added to nerve-free bathing solutions until a final concentration of 165 nM ATP was reached. Afterwards, apyrase (Figure 5a ) or four isolated spinal roots (Figure 5b ) were added to the bathing solution. Both conditions produced a fast decline in the bath concentration of ATP. This indicates rapid nerve-dependent hydrolysis of ATP. In contrast, consumption of ATP by the light-producing enzymatic reaction is much slower in the range of ATP concentrations tested in these experiments.
The statistical analysis of differences in the kinetics of ATP degradation in cell-free culture dishes and in the presence of spinal roots is summarized in Figure 6 . In all of the experiments with nerve segments, two pairs of spinal roots were tested. For the quantitative analysis, the photon counts obtained after addition of 150 nM ATP were set to 100%. Clearly, consumption of ATP by the luciferin/luciferase reaction is much slower as compared to ATP hydrolysis within the nerve trunk itself (Figure 6a ). For example, 10 min after addition of ATP, a reduction of photon counts/s by 8.9 T 1.7% (n = 6) was seen without nerve preparations whereas Kinetics of ATP degradation were tested in culture dishes which contained two pairs of spinal roots each. The concentration of ATP was measured every 5 min and is given in photon counts/s relative to the light intensity at 150 nM ATP. This concentration of ATP was added 15 min after the start of the measurements and degradation of ATP was followed for a further 75 min. (a) A comparison was made between cell-free culture dishes, spinal roots, and spinal roots in the presence of βγ-meATP (300 μM). Degradation of ATP is much faster in the presence of spinal roots as compared to ATP consumption by a solution containing the ATP assay mix only; βγ-meATP had an inhibitory effect on ATP hydrolysis by spinal roots which is statistically significant (see text). (b) Kinetics of ATP degradation was tested after addition of ARL 67156 (100 μM). Also this compound slightly, but significantly (see text), reduced hydrolysis of ATP seen in the presence of spinal roots Figure 5 Spinal roots rapidly degrade extracellular ATP. (a) ATP was added successively to a rotating culture dish (containing saline and the ATP assay mix) until a final concentration of 165 nM ATP was reached. Afterwards, apyrase was added and blocked the ATP-induced bioluminescence by hydrolysis of ATP (the photomultiplier was shut down during addition of solutions to the culture dish; note discontinuity in the recording of bioluminescence). (b) In this experiment, after an ATP concentration of 165 nM was reached, four isolated rat spinal roots were added to the culture dish. Note the rapid decline in the bioluminescence which indicates degradation of ATP by the nervous tissue. In contrast, consumption of ATP by the enzymatic reaction of the ATP assay mix is much slower light intensity was reduced by 76.7 T 3.0% (n = 6) in the presence of the spinal roots (p < 0.0001).
The contribution of ecto-nucleotidases to the degradation of ATP within the isolated rat spinal roots was tested by means of inhibitors of such enzymes (Figure 6a,b) . Degradation of ATP was slower in the presence of either βγ-meATP (300 μM) or ARL 67156 (100 μM). However, when compared to the normal bath solution, either of the enzyme inhibitors only slightly reduced the ability of the spinal roots to metabolize ATP. On average, 10 min after addition of ATP, a reduction of photon counts/s by only 48.8 T 4.1% (n = 5) was seen in spinal roots in the presence of βγ-meATP as compared to 76.7 T 3.0% by control preparations (p < 0.001). The corresponding data for spinal roots in the presence of ARL 67156 are 62.9 T 1.2% (n = 5, p < 0.01).
Kinetics of compression-induced ATP release
The possible importance of ecto-nucleotidases for the decline of the ATP concentration after compression-induced release was tested in another series of experiments. Thereby, kinetics of ATP concentrations produced by transient compression of spinal roots were measured in control spinal roots and in spinal roots treated with βγ-meATP (300 μM). This inhibitor was chosen because it produced stronger inhibition of ATP hydrolysis by spinal roots as compared to ARL 67156 ( Figure 6 ). A typical example for these experiments is illustrated in Figure 7 . After a resting period, the spinal root was transiently compressed by 0.5 mm. This resulted in an increase of the extracellular ATP concentration and a reduction in the height of the A fiber compound action potential. The recovery from compression was followed for 30 min. Afterwards, two concentrations of ATP (15 and 150 nM) were adjusted in the organ bath for the conversion of photon counts/s in concentrations of ATP (in nM). This standardized experimental protocol was applied to seven control spinal roots and seven spinal roots treated with βγ-meATP (300 μM). Averaged data from these two groups of preparations were used to analyze extracellular concentrations of ATP reached (a) immediately after the mechanical stimulation (Figure 8b ; t = 0) and (b) 4 min after the maximal ATP release (Figure 8a, b; t = 240 s) . The mean compression-induced increase in the extracellular concentration of ATP in control spinal roots was 54.5T9.7 nM (n = 7). There was a larger rise in the presence of βγ-meATP (88.9T16.1 nM, n = 7). However, this difference did not reach statistical significance. In contrast, βγ-meATP significantly reduced the kinetics of recovery measured either in percent or in absolute extracellular concentrations of ATP reached 4 min after nerve compression (Figure 8a, b ; t = 240 s).
Discussion
Compression and/or contusion of nerve trunks or spinal roots are common clinical situations with important consequences for nerve function. Previously, changes in electrophysiological parameters of myelinated axons produced by such mechanical stimuli have been studied in detail [2] . In white matter strips from the ventral spinal cord, it was found that nerve compression produces an immediate, partially reversible decrease of the A fiber compound action potential followed by a persistent conduction block in some of the myelinated axons. These changes in the electrophysiological parameters of A fibers have been also observed in the spinal roots used in the present study (Figures 3 and 7) . The new, additional findings are effects of nerve compression on the concentration of ATP in the extracellular space of an isolated peripheral nerve trunk. Changes in the extracellular Note that nerve compression resulted in a decrease in peak amplitude which was largest during compression and recovered partially later during the recording (see also Figure 3) concentration of ATP were measured with a time resolution of 1 s. Such online recordings of ATP concentrations were possible because the ATP assay mix was added directly into the organ bath. As described before for epithelia [19] , cultured astrocytes [20] , and postnatal sciatic nerve [21] , the mixture of saline and ATP assay mix was well tolerated by the isolated rat spinal roots used in the present study. The key observation is that nerve compression produces an elevation of the extracellular ATP concentration which returns to the baseline level within a few minutes only. It is very likely that cell lysis contributes to ATP release produced by nerve compression. However, to our knowledge, quantitative aspects and the time course of this type of ATP release are described for the first time. The findings indicate (a) that sufficient ATP is released for activation of axonal P2X receptors and (b) that rapid hydrolysis of ATP may produce enough adenosine for activation of axonal adenosine (A2) receptors. This indicates that chemosensitivity of axons to purines may contribute to the pathophysiology of painful carpal tunnel and other nerve entrapment syndromes.
To our knowledge, there is only one previous quantitative report about kinetics of ATP release related to contusion of nervous tissue: Wang et al. [24] studied the release of ATP following acute impact spinal cord injury. An ATP imaging technique was used to follow ATP release in the setting of this trauma. Imaging was initiated within 10 min after impact, and at this point in time the extracellular concentration of ATP was not elevated in the center of the injury. The authors conclude that ATP released on impact may be hydrolyzed within minutes; our data support this view. A further finding reported by Wang et al. [24] is a sustained process of pathologically high ATP release in the peritraumatic zone. We do not know whether a similar process takes place in spinal root segments remote from the region of compression because the field of view for the detection of bioluminescence was restricted to the lesion.
Our data reveal that compression injury of a peripheral nerve trunk produces high concentrations of extracellular ATP only for an initial transient period. One factor responsible for these fast kinetics may be the in vitro situation which allows rapid diffusion of ATP from the region of nerve compression into the surrounding bathing solution. However, it is also possible that the decline of the ATP concentration is due to extracellular enzymatic degradation and/or consumption by the ATP assay mix. The possible contribution of ATP hydrolysis to the degradation of ATP in isolated spinal roots was studied by means of known inhibitors of ecto-nucleotidases [13] . One of the compounds used, βγ-meATP, is a potent blocker of ATP hydrolysis by cultured astrocytes [20] . Also, ARL 67156 is often used as a blocker of ecto-ATPases [25] . However, application of either compound resulted only in a slight inhibition of ATP hydrolysis by isolated rat spinal roots (see Figure 6 ). Also in the isolated rabbit vagus nerve, an incomplete effect of βγ-meATP on ATP hydrolysis has been described [15] . The reason for these weak effects can be explained in the light of recent findings. It has been described that βγ−meATP preferentially targets the eNPP family of ecto-ATPases (eNPP1 and/or 3) over the CD39 family of eNTPDases [22] . However, the opposite situation, i.e., a prominent role of eNTPDases for hydrolysis of ATP, seems to be important for peripheral nerve preparations. In particular, the presence of eNTPDase2 was detected on nonmyelinating Schwann cells [16] . ARL 67156, too, only slightly inhibited ATP hydrolysis by isolated rat spinal roots. This observation is in accordance with the notion that this reagent acts as a modestly efficacious inhibitor of both eNPP and eNTPDase-type nucleotidases [22] . In a recent study, ARL 67156 revealed the highest inhibitory potency Figure 8 Effects of βγ-meATP on compression-induced release of ATP. Fourteen different isolated spinal roots were tested with the experimental protocol illustrated in Figure 7 . (a) Averaged data of the decline in light production observed after compression of isolated spinal roots tested either in control solution or in the presence of βγ-meATP (300 μM). The maximal light production (in photon counts/s) was set to 100% and data obtained after 4 min were used for statistical analysis. Note that βγ-meATP produces a small, but significant, slowing of the decay time. (b) Averaged data from the experiments illustrated in (a) are plotted as concentrations of ATP reached in the bath solution immediately after nerve compression (t = 0 s) and 4 min later (t = 240 s). Compression of spinal roots in the presence of βγ-meATP resulted in higher concentration of ATP and statistically significant slower recovery for NTPDase1. It was considerably less effective on NTPDase3 and essentially ineffective on NTPDase2 [26] .
The possible contribution of ecto-nucleotidases for the kinetics of ATP concentration following nerve compression was tested by means of βγ−meATP because this compound was more potent as a blocker of ecto-nucleotidases in spinal roots as compared to ARL 67156. It was observed that βγ−meATP (a) enhanced the compression-induced release of ATP into the bath solution and (b) induced a slowing of the decline in the extracellular ATP concentration in the period following the compression (see Figure 8) . Taken together, these observations indicate that an increase in the extracellular concentration of ATP in the trunk of a peripheral nerve is limited by activity of ecto-nucleotidases. However, at present, a more quantitative analysis is not possible due to the lack of potent inhibitors of such enzymes in peripheral nerve.
It is possible that ATP release produced by compression of a peripheral nerve trunk contributes to "positive" symptoms such as the development of pain. However, the concentrations of ATP reached in the extracellular space after nerve injury were only in the nanomolar range (see Figure 4) . Such concentrations of ATP do not activate purinergic receptors in the membrane of nociceptive neurons. However, bioluminescence measured in the present study is mainly induced by ATP in the solution surrounding the nerve trunk. It is very likely that much higher concentrations of ATP are reached in the small extracellular space in the vicinity of nociceptive axons. It has been estimated that only 1% or less of the intracellular ATP pool needs to be released to activate maximally any and all purinoceptors [27] . In fact, cytosolic ATP released by cell damage produces transient currents in cultured sensory (nociceptive) neurons via activation of ionotropic P2X receptors [28] . This is an example for a fast functional response due to a transient elevation of extracellular ATP concentration. However, there are several possibilities of how short lasting extracellular ATP transients may induce long lasting alterations in axonal excitability and/or glial activity: (a) degradation of ATP to adenosine could result in an increase of axonal excitability in unmyelinated peripheral nerve fibers via metabotropic A2 receptors [7, 18] . Production of adenosine from ATP has been shown for isolated vagus nerves [15] and pain-enhancing actions of adenosine via P1 (A2) receptors have been described [5, 17] . (b) Long lasting activity in peripheral nociceptive neurons has been discussed as the result of cytokine release induced by activation of purinergic P2X 7 receptors [29, 30] . (c) Activation of P2Y receptors on Schwann cells [9] [10] [11] [12] may have long lasting consequences similar to the development of P2Y-related gliosis observed in astrocytes [31, 32] .
